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FOREWARD

The present study is part of a program of theoretical

and experimental research on hypersonic flow being conducted

by the Gas Dynamics Laboratory of the Department of Aeronautical

Engineering at the James Forrestal Research Center, Princeton

University. This study is sponsored by the Aeronautical Research

Laboratory, Wright Air Development Division, under Contract

AF 33(616)-7629, "Research on Boundary Layer Characteristics In

the Presence of Pressure Gradients at Hypersonic Speeds", with

Capt. W. W. Wells and Col. A. Boreske as consecutive project officers.

The advice received from Prof. S. M. Bogdonoff was of great

assistance during the entire study.
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ABSTRACT

A study was carried out in the Princeton University 3 inch helium

hypersonic wind tunnel at a Mach number of 11.7 to examine the flow

over a flat plate with disturbances located at a distance from the

leading edge. The leading edge Reynolds number was varied from 190

to 20,900. The disturbances, varying in shape from a 100 to a 300

wedge, a 900 step and one with a hemicylindrical shape, were Investi-

gated over the leading edge Reynolds number range. Schlieren

photographs and detailed surface pressure distributions were

obtained to determine the location of the separation point and the

pressure ratio across th_ separation region.
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NOMENCLATURE

d Distance from separation pressure rise
to corner at intersection of flat plate
and wedge or step

h Afterbody height

M Mach number

p Measured pressure on the model surface

Pf.p. Measured pressure on the flat plate
without any disturbance

Po Stagnation pressure

P'l Free stream static pressure on tunnel axis
(varies with distance along axis)

AP = P-Pi

Re It Reynolds number based on leading edge thickness
and free stream conditions

t Leading ecoe thickness

x Distance from leading edge

9d Angle separated boundary layer makes
with flat plate surface

ow Wedge angle

Streamwise coordinate, measured from the junction
of the flat plate and afterbody
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INTRODUCTION

The study of boundary layer separation has been the subjecr of

many studies, both theoretical and experimental, during the past decade.

A considerable amount of work has been concerne% with this phenomenon at

supersonic speeds (Rcfs. I to 6); but results at hypersonic speeds, where

the problem is complicated by entropy and pressure gradients, is quite

sparse. The present work is part of a long range program to study the

hyersonic boundary layer, its separation characteristics, and to deter-

"mine the parameters involved. The work reported herein was concerned

with the simplest conditi'ns which could be generated, a two-dimensional

flow over a flat plate with variable thickness leading edge. The dis-

turbances, located at a distance from the leading edge, were also

two-dimensional and varied from a wedge to a 900 step. The optic"l

and surface pressure distribution studies were conducted at a free

stream Mach number of 11.7 using helium as the test fluK.

The work of Ref. 7, which detailed the fl-o, over the basic flat

plate w!th variable thickness leading edges, was used as the base

results, and the influence of the disturbances on these flows was the

subject of the present Investigation.

TEST FACILITIES AND MODELS

The test program was carried out *n the Princeton University helium

V"ý hypersonic wind tunnel (Ref. 8, Fig. 1). A :.ontoured nozzle was used

which gave a Mach number of 11.7 + 0.25 over an axial length of about
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7 inches. The tests were carried out at a stagnation pressure of

1000 psia with a stagnation temperature of about 75 0 F. For these

conditions, the free stream Reynolds number was 106 per inch. Running

times of several minutes were available to insure thermal equilibrium.

The model consisted of a flat plate with various-shaped after bodies

mounted on it, Fig. 2. The basic flat plate was made from k inch thick

flat ground stock, 2 inches wide and about 4 inches long. The leading

edge was formed by grinding a 100 wedge off the bottom surface and the

leading edge thickness was varied by cutting off material normal to the

test surface. Afterbodies were attached to the flat plate 2 inches from

the leading edge and consisted of wedges with angles of 0d, [00, 200, 300

and 900 (a step). In addition, a hemicylindrical step was also used

(Fig. 2b). All these afterbodies had a height of 0.2 inches and an addi-

tional afterbody of the 10 wedge was made with a height of 0.4 inches.

The total length of the flat plate formed with the "0O" wedge was

4.27 inches. The joint between the plate and the afterbodies was sealed

with clear lacquer to prevent leakage. When pressure distribution and

separation results were being obtained, the models were equipped with

side plates which completely enclosed the separated region (see Fig. 2a).

For optical studies, these side plates were removea. Their removal

noticeably affected the measured pressure distribution so that the

optical studies can only be considered as quantitative.

Static pressure orifices were located along the center line of the

mocel. These orifices were connected to manometers using silicone oil

Sor mer-:ury by means of copper tubing. The reference pressure for these

manometers was kept at about 20 microns.
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Schlleren photographs were taken of the flow about the body using

a two-mirror, on-axis spark system with a spark duration of about

I microsecond. A horizontal knife edge was generally used.

RESULTS AND DISCUSSION

Several investigations have been conducted on the phenomenon of

separation of a laminar boundary layer ahead of a step in a supersonic

stream. A uniform external stream existed and separation occurred In a

boundary layer whose characteristics were well known. For the hypersonic

case, the problem is complicated by the fact that the boundary layer-

leading edge shock Interaction induces a flow field over the entire plate.

As the leading edge thickness Is increased, the conditions over the plate

vary: for very thin leading edges the effects are primarily viscous, for

very thick leading edges the effects are due to the nose itself and are

primarily Inviscid. At a given station on the plate, a change in the

leading edge dimension results in changes In the thickness and profile

of the boundary layer, the pressure gradient and level along the wall,

and the Mach number and normal entropy gradients at the outer edge of

the boundary layer.

At these hypersonic speeds, iittle detailed experimental Informa-

tion is available on the two-dimensional separation phenomenon. Some

data are available for conditions ahead of a forward facing step at a

Mach number of 6.5 in air (Ref. 9) and-some previous results from the

Prli •eton University Gas Dynamics Laboratory show the strong effects of

trailing edge flaps for Mach numbers up to 13 in helium. The present

work Is an attempt to repeat the well known systematic variations of the
Z.



supersonic studies under hypersonic conditions With Its attendant

leading edge complications.

In a previous paper (Ref. 7), the details of the flow over a flat

plate at a Mach number of 11.7 with leading edge thicknesses from

-3 -3
0.2xlO to 21.8x10 Inches were obtained. The present paper con-

siders the same Mach number and range of leading edge thicknesses so

that the results of Ref. 7 are used as the "no disturbance" case.

Some typical schlleren ph6tographs of the flow over the flat plate

are shown In Fig. 3 and the measured pressure distributions In Fig. 4.

For each leading edge condition, the flow over the flat plate and the

disturbance were studied for the various disturbances.

OPTICAL STUDIES

Schlieren photographs were taken for each test configuration

(without side plates). Some typical photographs are shown In

Figures 5 to 7.

In Figure 5, the effect of the disturbance or the flat plate with

-d leading edge thickness Is seen. The three shocks, at the lead-

* -dge, separation and reattachment are well defined. The turning of

the flow as Indicated by the edge of the boundary layer is also quite

clearly seen. The separation point (as roughly defined by the Initial

turning 6f the bdundary layer) Is seen to move forward as the wedge

angle Is Increased.

The effect of the leading edge thickness on the flow over a flat

plate with a l00 wedge is Shown in Fig. 6a, 6, d. As the leading

edge thickness Is increased, the sa0ratl6n point moves closer to the

II
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"junction of the plate with the wedge. The shocks caused by the

turning of the flow due to separation and reattachment ar., quite

distinct for the thin leading edge, but merge to form a single shock

for t = 21.8x10- Inches.

For the same leading edge thickness, the IO0 wedge was changed

from 0.2 inches to 0.4 inches to evaluate the effect of the downstream

boundary of the wedge, Fig. 6b.

The other extreme for a disturbance on the flat plate was a 900 step,

or a forward facing step (Fig. 7). For the thin leading edge, the

separation starts close to the leading edge. In fact, for t 1.7xlO 3

inches, It was impossible to establish the flow (the tunnel would not

start). As the leading edge thickness increases, the separation occurs

further back on the plate. In all cases, the reattachment seemed to be

at the top corner of the step.

The angle which the separated boundary layer makes with the flat

plate was measured for all conditions. The separation angle, 9 d

plotted against the forward propagation distance, d (Fig. 8). There

is considerable scattering of the data for leading edge thicknesses of

5.1xlO 3 Inches and less. The overall separation angle variation Is

from 3.50 to 80 for wedge angles from 100 to 90P. For leading edge

x" -3thicknesses equal to 5.ixlO inches and less, the separation angle

seems to be independefit of the wedge angle for the same forward
propagation distance. However, as the leading edgdthIckness

' Increases, the separation angle Increases, and at a value of

t = 21.8x10 3 inches, I is approximately 50%-more than the, value

for the thin -leading edges._



It should be pointed out that the valuas of Gd were obtained

from pictures taken of the mod~el w'ifhoujt side plates. Hence the data

should only be considered qualitative. However, as the Initial pressure

rise does not seem to be strongly affected by absence of the end plates

(see next section) the measured values of Gd are a very good

approximation to those that would have been obtained were end piates used,

PRESSURE DISTRIBUTION STUDIES

The pressures measured on the flat plate and aifterbody are presented

as the ratio of the measured pressure, p , to the local tunnel pressure

p' , as a function of the distance § mieasured from the junction of the

flat plate surface with the itep. In order to keep the flow over the

surface free from three-dimensional effects, all pressure distribution

studies were carried out with end plates sealed to the sides of the

model. The effects of the flow over the plate with a 10wdewt n

without side plates Is shown UI Fig. 9 and -larger effects were found

for stronger disturbances.

The detailed pressure distrifbutiohs are summarized in Figs. 10
to -12. In Fig. 10, the pressure distributions with a-10 wedge of two-3i
heights for plate leading edge thi'dknegsss of 0.2, -0.86 and 5. IX10 --

inches are presented. Since thi's I hTde6 ~ te eks' td'd

con I'dera6ble attenti'on "was 0aid to t'he ef-f6t 6f: -d6*i~ti~em'di'st-urebarices

on the -tp~ratibn pheibtfin6n;-bnd'<6's-otýv~o,' we'dg-e -,h~ei'ht-s -or '116n'gth,!iwVre

examin~d. -As, Mw16 t~b'ein- a theudý 66-d-e

M hight was ýfodufid,; .l~'f Ofects§ ýWde r -i~ e V '~lthe in ,

$-dwot -y eý ho, ii- -- -- §'- -- --- I - -~



important In extending the above results to the general case of

separation ahead of a wedge whose height Is greater than the boundary

layer thickness.

The calculated Inviscid wedge pressure based on free stream condi-

tions is shown on all the figures although a better prrdiction is

obialned If the Mach number and static pressure at the separation 'point

Is used. For purposes of clarity, the beginning of the pressure rise

(deviation of the measured pressure from that found on the basic flat

plate) Is termed the "separation point". This Is not actually the

"point" at which separation occurs, but separation does appear close

to this point, as determined from oil trace studies. Between thu

separation point and the junction of the wedge with the flat plate,

the pressure rises slowly with an Inflection point In the curve

occurring close to the beginning of the wedge. The pressure gradient

on the wedge is considerably greater than over the plate and exhibits

no strong variation around the reattachment point. The pressure distri-j

butions for the Various disturbances for each of the leading edge

thicknesses are shown in Fig. lH. Choking of the tunnel occurred for -

-3oall models at t = 0.2xlO- Irches except for the IO° wedges.

The pressure distributions in the separation regions In all cases

resemble those associated with pure laminar separatLon at supersQnic

Mach numbers (Refs. 3 and 5). The pressure rises as the boundary -layer

separates from the surface and then remains, alpost constant -along- the

separation region until the upstream edge of thb -disturbance IlS

approached. A smal1 dIp Inh the- Pressure dur\4s just before the di-s-
turbance-Is typical for strong istUrbances and ls associated Wf.h the

-- - - -~- - ~ st~bancs ij



generation of a small secondary vortex in the corner. On a plate of

given leading edge thickness, the forward pt~opagatlon of separation is

strongly affected by the disturbance used (Figs. 10 and II). Foe

example, In the case of t = 12.7xl0-3 Inches (Fig. lid), the square

step causes the separation pressure rise 1.5 inches (or 7.5 step

lengths) ahead of the corner. Rounding the step or reducing the wedge

angle results In the beginning of separaTion moving downstream until,

in the case of a 10° wedge, it lies only 0.4 inches ahead of +he corner.

The beginning of separation moves downstream Into a region of increased

"- Mach number and increased bouhdary layer thickness. The gradients in

the reattachment region go up sharply as the disturbance gets stronger

(varying from the l00 wedge towards the step).

For a given wedge configuration the leading edge thickness strongly

affects the forward propagation of separation, as shown in Fig. 12.

For example, in the case of a 300 wedge (Fig, 12b) the pressure rise

occurs 1.5 Inches ahead of the corner for t = 0.SxlO- 3 inches. The

Mach number at the edge of the boundary layer at the separatlon point

is about 8 (Ref. 7). As the leading edge thickness Is increa§ed to

-3
21.8x10 inches, the Separatioh mOVes back to a point 0.9 Ihdhes ahead

of the corner. At this pr6iti6n, the Math number at the boundary layer

edge is about 3.5. 1i the ce of b 160' wedge W ifh t Z21.8xI0• inches

the @6p•eatfon po6nt has mived badk unthil fhb prýssbue rise a~ross the

J interartlohi s 6s !66 -'fledti6'0olit (Fi'. 12a)' and' the sepa•r-i 6 regIon

has 'almbst di'saiib.ýd (h*i- 6d).

1<6 eo 61-1 f i ~ rendsý weeb 'th& s 616 1u'Mn` -
the 166dTh;-ý6&d d~cz + t~?t~ he tb--rat6'reý1-6. The

9 eIh,
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separation point moves back towards the disturbance and occurs in a

region of lower Mach number. Blunting increases the pressure level o-Ver

the plate and also results in much stronger entropy variations outside

the boundary layer.

The forward propagation of separation or the pressure rise is

summarized in Fig. 13 with a plot of the forward propagation distance, d

versus log t The lower limitations on leading edge thickness for the

200 and 300 wedges, and the rounded and square step models were caused by

tunnel choking. The 100 wedge results show a well established maximum

forward propagation for thin leading edges and what looks like a minimum

for thick leading edges. The curves corresponding to the other wedges and

steps appear to have the same form, and presumably would approach similar

limits If the tunnel could be operated for the thin leading edges and the

tests were extended to even blunter leading edges.

PRESSURE RATIO ACROSS SEPARATION

The work done on separation of boundary layers In supersonic flow

(Refs. 3 and 5 ) h~s shown that the pressurd ratio acros§ separationk ("'plateau" pressure ratio, the-ratio of the maximum pressure reached in the

forward part of the depafated region diVided by the pressure on the un-

V disturbed pl-ate) Is an impottaht -parameter in describing the flow. In the

supersonic studies, the undisturbed fidw resulted Ih a constant peesdure
along.fheýpIated. In the freent-erlHs bf' tests, depaariati6n Is super'

Imposed on- a aVdr6ble pr-ssureo rad'l t -streh th d~pdhds 6n the

pod ItI on, Of separati on ýahrdotth- -'-lead i h6; edge t'I~hes• Uidd'& these

cbndtliqns, two prestu Kt-lds2zan- b sadkul0ted: (I) 1n zimensioa/lzing-

tby th 6fres•r•e1'6hesep~ain 0pýit•, 8nt (2) fh-6dimen 6ithI by

- - -



the pressure on the undisturbed flat plate at corresponding streamwise

stations. Since, for some cases, there are strong variations In pressure

along the plate without the disturbance, the latter method was chosen.

The pressure ratio thus calculated is a measure of the local disturbance

caused by the wedge or step and such results are presented in Figs. 14 and

15, where P/P is plotted versus x . Figure 14a shows the effect of

varying wedge angle on the flat plate with a leading edge thickness

-3 -3
0.8xO- inches. Similar plots for t = 5.1 and 21.8xi0 inches are

shown in Figs. 14b and 14c. The effect of Varying leading edge thickness

for a given wedge or step configuration Is shown in Fi1g. 15 for the 100

and 300 wedges and square step. In nearly all of the cases studied, the

pressure curves approach a plateau value of pressure ratio In the '

separated region. This value is referred to as the "pressure ratio across

separation". A plateau pressure is not reached for the 100 wedge except

for the thinnest leading edge case and for several of the other-configura-

tions although the gradients become quite small.

It Is seen from Fig. 14 that, as the point of separation moves forward

on the given flat plate (into a region of lower M and reduced-boundary

lay3r thickness), the pressure ratio acr6ss separation Is -Increased. For

-3Sexample, on the flat plate with t 4 5..lxiOT Inches (Fig. 14b), the

pressure ratio Increases- fron about 2.0 to 2.75 as the wedge angle 1l s

* indreased from 209 to 90 Thi,-do-s r-O spbph•ds6 -the measured boundary

layertpatn&geqj - - iCd) increasin -fromx.50 to -6P-- (Rib- 9)
Figure 15 thoqW, tht athe leading-edge. th lfckness1s Increa•ei. 8,d -

the-Mach number -ai thebob6undrthlayer edge is decrbbsed:.the separatioh*-point "

moves back and;the sp-rýationcpresu ratio is. •d dd-cfe dor- ;a-gb! h, wddge

1,e step. for example;i te s6 of the r ttep(F 5, te
j~
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pressure Is 2.8 for t = 5.1xtO inches and is reduced to 2.35 at

-3t = 21.8xiO Inches.

In the case of the flat plate with a leading edge thickness of

21.8xlO inches, he Mach number at the edge of the boundary l1ayer Is

known to ue about 3 to 4 In the region where separation is occurring

(Ref. 7). Thus the pressure ratio across separation can be compared with

that presented by Gadd in Ref. 5 for separation at similar Mach numbers

In air. Their results are shown in Fig. 14c for both laminar and turbulent

separation. The turbulent pressure ratio is shown for the flow ahead of a

square step. The present tests show the pressure ratio across separation

to be higher than the laminar value (about 1.25) but less than the turbulent

value (between 2.9 and 3.7): the pressure ratio ahead of the square step
-3

for t = 21.8xi0 Inches is 2.35. A study Is presently being conducted

to determine the detailed heat transfer on a similar flat plate at a Mach

number of 12 In helium. The preliminary results show a continuously decreas-

Ing heat transfer over the entire model Indicating that a laminar boundary

layer exists on the surface. No detailed rasults have been obtained on the

?I
boundary layer once It has separated. From the schileren photographs of
the separated flow configurations, it Is not possible to state with cer-

tainty that the boundary layer Is laminar through reattachment. As the

pressure ratio across separation seemed to be high for the laminar case and

low for the turbulent case, fhe boundary layer could possibly be trans I

tional through the separatlon-region. Further work on theseparated boundary

layer ill 1-be necessary. 6 dlaeify this -point. ThiUs Unc'rtblntV in the

Sboundary layer 'charctei-istics after •separatlon osee fOr examle, Ig. 7, A
-and c) Is-the mjor pofnt which must qualfy the c the

1WbU
ISi _. + .+.
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CONCLUDING REMARKS

The separation phenomenon on a flat plate In hypersonic flow is

strongly dependent upon the leading edge conditions. The entire pressure

distribution on the model can be changed by modifying the leading edge

thickness. Hence, separation can occur on the plate either at high Mach

numbers (occurring if the leading edge thickness is small) or low Mach

numbers (if the leading edge.thickness is large). It is also important to

point out that the separation phenomenon takes place in a favorable

pressure gradient.

In the present study, the leading edge thickness was varied so that

the Mach number at the beginning of separation varied from 10 to 3. The

length of the flat plate was kept constant and under most conditions, the

height of the disturbance was held at 0.2 inches. However, for the single

case of a 100 wedge this height was doubled and no effect of this change

was noted in the separation-reattachment region. For a fixed leading edge

thickness and wedge height, the forward propagation of the separation point

Increased as the wedge angle increased.

The pressure ratio across separation (based upon the undisturbbd fiat

plate distribution) increased as the separation point moved towards the
Sleading edge. this was a'ccbni-pllShed elth.6e by Increasing the wedge angle

for fixed leadihg edge thickness or decreasing the leading edge thl.ckhess

for fixed wedge bngle. The measured pr6ssure rati6s across separation were

higher thah those measured In iIr frbi the- IamIar case (a+ the sa6 lod06l

Mach number at fhsspar~f-16fi& 61 hnt) -but .W-S less, than the coi.rlnd§Po --

M~bdef~r_6d,-9tudI es of +he,~ '11ýuda yd &61-6 ~rqIJrdd to-

d6termifi ibwh~fh-6rftrans fi~fioj migh§!t b'~ f~~~t~r~i~rt

....' ` 4 t - - --0
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a) t =0.20 x I0-3 inches

b) t =0.80 x IO- inches

c) f 5.10 x IUr3 inches-

djt 1i7k1-Inches

Fig-9ure 3. Sehleren photographt of the f 16w 6Vet a #iit pla0te
at M='II v ~ius-e~dIrig &d§e 4hidkn6g6si



6.0M, =11.7 PO =1000p.s.i.

t ins.Re

5.0 0. 20 X10-3 192
A 0.80 X10-3 790

P1x 0 1. 70 X10-3 1,630
S5.10x 10~ 4,900

4.0 . 1.0X0 12,200
xX 21.80 X10 3  20,900

3.0-

x3
2.0

1.0-

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
x (INCHES)

VI 87-2/
Figure 4. The pressure distribution on a flat plate at M - 11.7

for varying leading edge thicknesses
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a) 100 wedge, h=0.2 Inches

b) 200 wedge, h=0.2 inches

c) 300 wedge, h=0.2 Inches

d) hemicylindrical step, h=0.2 Inches

Figure 5. Schlieren photographs of the separated flow on a
flat plate at54 -• 11.7 for various aft6rbodlest,
t = 1.7 x 10 Inches
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a) t - 0.20 x 1073 inches, h = .2 Inches

b) t - 0.20 x I0- 3 Inches, h - 0.4 inches

c) t = 1.7 x 10-3 Inches, h - 0.2 Inches

J) t = 2.6 x 10-3 inches, h - 0.2 Inches

Figure 6. Schlieren photographs of the flow over a flat plate
and 100 wedge at M - II.7 for various lending edge
thicknesses and wedge height
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10 M = 11.7; Po 1I000 p.s.i.

8 1 (nches)

6 A 0.8 X lO_
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4 5.1 x 1O*
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Tifgure 8. Var ~ioý]h 6f -boundary layqr separaýýtlon 6h§le
with forw6 -rdpropg~tioii 6f s~p~ratfio,
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t =O.8x0X10 3 ins. h=O.2ins.

10- P. = OO0p.S.i.

X FLAT PLATE PRESSURE
A NO SIDE PLATES I

8 - WITH SIflF PtAT - i

6-

0.5 1.0 [4.. 2530

-x (inchies)-'
)di 12-t

Figure 9. Peessure di-stribution oni a flat plate with a I00 w~dge,
- ~with 6hd-witfiout side pltes-
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14 INVISCID'WEDGE
PRESSU-RE

12 M, 11t.7, Po 10O p.-s.i.
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14- INVISCID. WEDGE
P RES SUR E

t12-

pl 0 t m0.80 X' 107'(NCHES) I
tO 0 FLAT PLATEI(

A100 WEDGE h =0. 2"
8 A t0* WEDGE h =0.4"

6-

0 1.5 1.0 40.5' 0 " . . ~ 2.'07 2.5
-~ (INCHES) +(INCHES

Figure l0b. Pressure dis-tibuffon -6n a, fla t plIate with 6 .100 wedgq
at M 1.,t O8x0 nhs
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INVISCID, WEDG-E
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16
M,11.7 1 P0  1000 P.s.'.

141 t 0.80 x10-Inchesi
0 FLAT PLATEI
A 100 WEDGE

12 o3 200 WEDGE
0 30'P WEDGE ýh 0.2
V HEMICYLINDRICALI

10 STE

8

6

4

2

2.0 IS5 1.0 0.5 0 0.5 1.0 1.5 -2.0 2.5

a -4 (inches) +t (inches)-.

Figure IlIa. Prees'sure distiributionj on- a flIat- pate, aiid-aftdrbod-y
al-H 11. 7;- t 0O.60ki;3* I ~nches
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14- M, X-11.7, P0 uIOOOp~si.a.
t =1.70X x 10- INCHES

112 FLAT PLATE 1 ____ ______

A 100ý WEDGEI- _____ _ _ _ _

i-0 20Oo WEDGE h=0.?2"

10- 0 to WEDGE J
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14 M, 1.7, Po 1000 p.s.i.

t 5.10 X 10-3 Inches

12 ______0 FLAT PLATE _______

S100 WEDGE
03 20P WEDGE

I10 0 3o0-V~EDG'E h02
1 HEMICYLINDRICAL

STEP.
8 x SQUARE STEP.-______________ ___

6

4

2.0 1.5 1.0 1.5 0 0.5 1.0 1.5 2.0 2.5
-C (inches) + C.Onches)---

'Ili b2-;8

Figure 11c. Pressure distribution on a flat plate and afterbody
at M4 11.7, t 5.lxlO'3  inches
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M 1 11.7 Po 1000psi

t= 12.70 x10 ins. '

o FLAT PLAE
12. A ~100 WEDGE £___

O 20 0WEDGE
S 300 WEDGE =0.2!w

~ to ~HEMICYLINDRICA

P a-

4

2-.0 1*.5 1.0 0.56 0.5 1'.0 1.5 2.0 2.5
~--C(Inches) +C. (nches) -

XII 132-9

Figure I Id. Pressure distribution- on ,a-flat plate and-afterbody
at Mrý 11.7, t I12.7xIO 3 inches
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ml1., ''looopsi ,

t 21.80 X I 3 inchesj
14 0 FLAT PLATE

A 100 WEDGE
03 200 WEDGE h =0.2" I

12 1 300 WEDGE
HEMICYL6DRICAL

lo ý_ I IQAESE

P 8

4

0. 151. 5 0 0.5 1.0 1.5 2.0 2.5
(inches) + (iches

XII 82- 10

F igure I 1e. Presggbl d gtrilbi~t in on: 6h- f 1at -0 Iatd and 6f t~bedy'
at M,= 11.7i t 21.8x103 inches

iviJ

44



16

M,11.7 1 Po 1000 p.s.i

14 10* WEDGE h =0.2 ins.
t

A 0.80 X 10"3 Ins.
120 5.10 x IOins.

x 21.80 x I Ins.
10 I

8 It

4. Is

2P 1.5 11.0 0.5.- 0 0.5 1.0 Z. .0 2:5
- (inches) -+tC (inches) ---.

Figure 12a. Presstk-e-dkgtribuflon oh- a fl6+--pla-e -and aftdrbody
at H1,- 11-.7, 100 wedge
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14- m 11.7, PO z 1000pst

300 WEDGE h x 0.2 Inches

12 A 0 .8 0 x 16l inches -I-

0 '5-.10x 16! inchesI

x0 2 1.80x1kId Inches

6-

4

20. 1510 Q.5- 1.0 1;5-1 2.0 2.5-

Figure 12b. Pressure disttrilbutkii-on--ý-fiat platfe hrnd-af*rbody.
atM1  [.,7',- 3600 W46 - -
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14- Ml 11.7, FO 1000 PSI
SQUARE STEP h = 0.2"

12 .,.. XIOx0' inches-
1 I2.70X . O01 Inches

X 21.8x!6'` Inch'e-S

P 8

STEP FACE

2 TE

2. . . .' 00.5 1 -.0 1.5 0.1 0.2

XII 82z- 13

Figure 126. P-Ofegsuee di-stributi -on on a flat plate and,-aft~ebqdy
at m 10., -!u-e iý tep
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1 2

0 100 WEDGE

V HEMICYLINDRICAL
4 STEP.

x SQUARE STEP.f3
WEDGE-OR

STEP CORNER

1~h .5 J10 0_

F IgUr6 3.Variation of f orward poa, if of separationh pressured rise
wfýleAd'ing qeqge thijckness f,&-Varlus- 6ft~rbodld.
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Me 117 9 P0 1l000 p.s.i.

4 t a0.80 x 10-3 Inches__________ _________

A 100 WEDGE
C3 200 WEDGE
0 30~' WEDGE h : 0.2 i--ches

3- HEMiCYLINDRICAL
STEP

a.j2c00

CORNER

00.2 0.4 -0.6 0.8 1.0 i.2 1.4 L.6 1.8 2.0

x (inchles) -

XII 132-15
Figure 146. Pressure distributiop in the separation reglon

non-dimensionallzed by the unse~arated flat plate
pressures, t 6.8x10;3 inches
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I 1 1.7,P F0O100psi
4 t 5. 0X 10-3 nches ________________

p A 100 WEDGE
PF. P. o 200 WEDGE

3 ~ 30 WEDG 0.2 inches,
Vý HEMICYLINDRICAL STEP
x SQUARE- STEP

2 ---- --

POSITION OF

0 0.2 -0.4 0.6 0.8 1.0 12I . .
x (inches)

X0 XI B2-16
Fiigure 4b.' Pressure di-stributibn hi-the sepaieatiob region

non dlmdnsionallzed by-the 'jnseparated flat plate
pressures, t 5;lxlO 3 Inches-
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M, =I I.. P 10  1%000 p.s.1i.

t =21.80 x 10-3 Inches
4M :4.0 A 100 WEDGE

03 200 WEDGE
TURBULENT 0 300 WEDGE

xSQUARE STER

LAMINAR

M 4.0 M x3-.O

ýCORNER-

02 0.4 0.6 0.8, I.DL .1.6 2

Figure 14c. Pre~sure distribution i>te~~rt~~~in
non'-dlm,.,nsibnal fid~'by "the un pieijatad-'f 16t plate
prb~ures, t -2 1, QxO-ý inches
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M1 : 11.7 P, 1000o~si

t ins.

30 12.7x10-3

J2.0 1.51 1.0 0.5 ~ 00.5. Lo0 1.5
.0 .- te (inches) + C (inches)-"

XII 82-18

Figure 115a. Pressure distribut'ion.,in the ýpairatbd-rdgion
non-dimensional ized by unseparated flat plat~e
prdssur~si 100 w~edg,@
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Ml 11.7 P, xp0 00psi

5 t (inches)
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0LE. 3 iQ0..
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XII 132-19

-Figure 15b- Pre~sure dlstribiAtbon -Iali~ Pti-g~et~d F6§I6fi
non 'diffiensionallzed~by unsbpae~ted fl~t plate
pressures, 300 wedgee
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5- 'MI11.7, Po 1OO0psi

t (inches)
0 5.IX IOI-3
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_____________

X 21.8X10'

P
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Figure 156Z -Pressure- di stribution in- the-sepat~ated 'repi6n,-
non-dinmensionalized by unseparal-ed flat plate
pressuresý, square step
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